I. INTRODUCTION
Human skin is organized in two main layers: the epidermis and the dermis. 1 The dermis contains a microvascular network in which blood flow passes through vessels smaller than 100 μm. 2 This microvascular network is organized in two horizontal plexuses: the upper horizontal plexus and the lower horizontal plexus. Some parts of the skin also possess arteriovenous anastomoses (AVAs) or shunts, innervated by sympathetic nerve fibres that allow blood flow to bypass superficial skin layers, thus providing efficient thermal regulation. 3 Disorders of the blood microcirculation system are known to play a significant role in the development of various diseases, such as diabetes, peripheral vascular disease or Raynaud's phenomenon. Because the skin contains a rich microvascular network and is easily accessible, there are many new ways of studying skin microvascular network. They are mainly based on the quantification of skin optical and thermal properties which are modified by the amount of blood in the tissue. 3 The techniques used to study the skin microvascular network are being improved constantly. In the last few years, attention has been drawn to the laser LDF is a Doppler Effect-based technique used for skin microcirculation blood flow monitoring. Its principle is the following: a coherent light, guided by optical fibres, is transmitted and collected to the tissues under study. In the tisa) Author to whom correspondence should be addressed. Electronic mail:
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sues the laser light can be reflected, absorbed, transmitted or scattered. The photons scattered by moving particles, like red blood cells (RBCs), are frequency shifted in accordance with the Doppler Effect. This shift depends on the velocity of the particle, the direction of the incoming light and the direction of the scattered light. If the scattered photons are detected, together with static particles scattered photons, they will produce a stochastic photocurrent in the photodetector. This photocurrent is related with the velocity and concentration of the RBCs. 5, 6 Currently, LDF monitoring lacks in estimating the photons sampling depth. These difficulties lead to ambiguities in the discrimination of the fraction of light scattered from superficial and deeper blood microcirculation skin layers. 7 Moreover, with LDF, absolute measurements of blood perfusion cannot be obtained. It is thus not possible to express the flux signal in absolute flow units, because variables as the sampled volume, the photons path-length, the direction of the blood flow, and the amount of blood vessels and their length in the measuring volume are unknown. 2, 8 For that reason, signals collected in different tissues cannot be directly compared. Besides this, commercial available flowmeters use different signal processing algorithms and calibration procedures, making impossible the comparison of their results. 2, 8 The use of different wavelengths and different fibre separations may expand the potentialities of the LDF technique to study diseases such as psoriasis, rheumatic diseases, Raynaud's phenomenon, assessment of dermal inflammation and burns, cutaneous ulceration, among others, 9 by allowing blood flow assessment of deeper structures, and allowing the assessment to different skin microvessels.
Only few works studied the influence of the fibre distance and wavelength in vivo, and simultaneously. 10, 11 Gush et al. 11 studied the effect of 477, 488, 514, and 633 nm laser light wavelengths and used 0.8, 1.1, 1.6, 2.45, 3.65, and 4.6 mm fibre distances. The wavelengths used are in the visible spectrum where the light penetration is very influenced by the tissue optical properties, mainly the absorption coefficient. Besides that the fibre distances are very large, and were recorded separately as the probe used had only one collecting fibre, that was placed at a certain distance from the emitting fibre before each acquisition. In Freccero et al., 8 different fibre distances were used in a laser Doppler perfusion monitoring flowmeter and different wavelengths were used in a laser Doppler imaging flowmeter. Both results were compared but the comparison between different flowmeter apparatus reveals methodological difficulties as different signal processing and calibration methods are used.
Monte Carlo simulations were presented by Fredriksson et al., 12 where the perfusion measurements of different wavelengths and fibre distances were studied. However, the lack of in vivo measurements is evident, because of the complexity of the skin structure, its vascular anatomy and regulation, and the regional variations.
In our study, a prototype including three laser lights and three detecting channels allows the laser beams to be guided to tissue via the same probe and the detected backscattered light in each fibre distance is detected with a common photodetector. This allows overcoming problems such as different signal processing, different calibration systems used by different apparatus and allows perfusion obtained at different wavelengths to be compared. Besides this, and in order to avoid the instrumental factors whose effects cannot be correctly judged, dynamic changes such as the post occlusive reactive hyperaemia (rather than continuous blood flow perfusion) together with relative comparisons of the flux (rather than comparison with absolute flux values) will be evaluated.
We therefore present herein a new laser Doppler flowmeter prototype and its validation. For this purpose, we first introduce the LDF theory and the prototype principles. Then, the calibration procedure is exposed. Moreover, in vivo validation tests are performed with the prototype in the ventral side of the forearm. Finally, results obtained with the prototype in different regions of the skin are statistically compared.
II. MATERIALS AND METHODS

A. Laser Doppler flowmetry
The electric field vector of an incident photon, in a moving scatterer, can be described as
where ω is the angular frequency, k I the wave vector, E 0I is the wave amplitude of the incident light and r = vt+r 0 describes de actual position of the photon. The scattered electric field vector of the scattered photon is given by
where k S represents the wave vector, q the Bragg scattering vector, k I -k S , and E 0S the amplitude of the scattered photon. The single scattered photon is described by the incident frequency, ω, a time-invariant phase constant, k I · r 0 , and a time varying phase factor which describes the angular Doppler frequency shift ω S (rad/s).
where λ t represents the wavelength (m) of the photon in the surrounding medium, α is the scattering angle between k I and k S , and θ is the angle between the projection of v in the plane of scattering and q vector. The autocorrelation function of the photocurrent produced by the photodetector in a coherence area, for a single Doppler scattering event, can be expressed as 6 
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where the brackets are average data sets values, i S and i R represent the average of the currents produced by the shifted and unshifted light within a coherence area, respectively. The first three terms constitute the time invariant signal (DC signal) and the fourth term represents the heterodyne mixing, with Doppler shifted and unshifted photons contributions. Finally, the fifth term is a double summation where m and n (m = n) take values between 1 and N S , being N S the number of photon interactions with moving structures. It represents the homodyne mixing as it consists only of light scattered by moving particles. 6 For low or moderate concentration of moving red blood cells (CMBC) the heterodyne term dominates over the homodyne part.
According to the Wiener-Khintchine theorem, the Fourier transform of the ACF is equal to the power spectral density P(ω) of the input. By further derivations of the power spectral density P(ω) it can be shown that the CMBC and the perfusion (Perf) can be estimated from the power spectrum of the AC component of the light. The CMBC is proportional to the zero order moment (M0) of the power spectrum of the AC component of the light, 5, 6, 12 
and Perf is calculated as the first order moment (M1) of the power spectrum, 5, 6, 12 Perf = ω P(ω).
Perf scales with the red blood cells (RBCs) concentration and the average RBCs velocity for low RBCs concentration.
B. Prototype
A new LDF prototype is being built in order to discriminate between different microcirculation skin layers. This prototype is a non-invasive and multi-wavelength system, with capacities to acquire signal from three separated channels. 7 The schematic of the prototype is shown in Fig. 1 . The system has three constant power laser diodes drivers from Thorlabs (LD1100 and LD1101) that supply three laser diodes with 635 (W635), 785 (W785) and 830 (W830) nm laser wavelength [see Fig. 1 The calibration system presented in Fig. 1(b) has the intention to calibrate the system to the light intensity. It is composed by three light emitting diodes (LEDs) with 630, 780, and 830 nm wavelength, driven by programmable current sources (ADN8810) digitally controlled.
Three bi-cell photodetectors, PD1, PD2, and PD3 (SD066-24-21-011, from Advanced Photonix Inc.) are used for backscattered light detection [see. Fig. 1(c) ]. They receive light from the calibration LEDs or from the backscattered light collected by the probe. F0.14 is connected to PD1, F0.25 collects light to PD2 and F1.20 are connected to PD3. The photocurrent is amplified and converted to voltage by a transimpedance amplifier and it is digitized, at 50 kHz, by a data acquisition system [National Instruments R (NI-USB6212)]. The signals are stored and processed in MATLAB software (Mathworks R ). A microcontroller (Microchip, PIC24FJ128GA010) gives us switching capabilities for the laser diodes and LEDs, current control of the LEDs, and current monitoring of LEDs and photodiodes. It also serves as a communication port between the system and the computer through a serial port UART.
C. Signal processing
Both photocurrents obtained with each bi-cell photodetector, after amplification and convertion to voltage, are digitized at 50 kHz and stored. The steps to obtain the first order moment of the power spectrum and the DC voltage are summarized in Fig. 2 . The first step consists in dividing the signal in blocks, followed by the DC and AC components separation with the use of low and high-pass filters, respectively. Both signals obtained in each bi-cell photodetector are subtracted.
FIG. 2. Signal processing flowchart.
Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. The purpose of the subtraction is to reject the common currents of both photosensitive areas, such as intensity variations of the intensity of the surrounding light or variation of the intensity of the laser light. The use of a differential channel was evaluated by Salerud and Oberg (1987) . 14 They proved that the noise reduction is more efficient when a differential detection channel is used rather than when one channel with one photosensitive area is used. Finally, the power spectrum is computed using the Welch method, and the Perf (the first order moment of the power spectrum) is determined. The Welch method is an estimator of the power spectrum based on the periodogram method. 15 The method consists in dividing the time series data into segments, with or without overlapping, computing a periodogram of each segment, and then averaging the magnitude of the power spectra estimations. 15 A bandpass filter with cut-off frequencies of 25 Hz and 16 kHz was applied. The low cut-off frequency has the purpose to eliminate the contributions of the DC component (non-Doppler shifted light). The maximum expected frequency in the microcirculation measurements is 25 kHz, in accordance with Eq. (3), if we consider α = 180 o , and θ = 0 o or θ = 180 o , and a blood flow velocity lower than 2 mm/s, for the used wavelengths. However, red blood cells are strongly forwardscattering objects, 13 therefore α can be estimated lower than 45 o . If we consider α ≤ 45 o , we can thus estimate that the resulting power spectrum exhibit an exponential decay which does not exceed 16 kHz.
The perfusion rate, i.e., the rate at which the perfusion is calculated, is determined using the expression
where F s is the sampling frequency, nfft is the number of points of the spectra (segments) and overlap is the overlap percentage (the percentage of the superimpose of the segments). A schema illustrating the rate in which the perfusion values are calculated using the overlap can be seen in Fig. 3 . An overlap of 25% and a nfft with 2 12 (4096) points are the parameters used in order to obtain a perfusion rate of 16 Hz, when a sampling frequency of 50 kHz is used Perfusion rate = 50000 2 12 (1 − 0.25)
A perfusion rate equal to 16 Hz is chosen for the perfusion measurements in humans, since the frequency information in the perfusion signals is chosen below 2 Hz. The frequency resolution given by the expression
is equal to 12 Hz, which is sufficient in order to apply the low cut-off frequency of 25 Hz.
D. Calibration system
The first step for the new LDF prototype calibration deals with the photodetectors response to different light intensity levels. Three wavelengths were tested 630 (LED630E from Thorlabs), 780 (LED780E from Thorlabs) and 830 nm (TSHG8200) with 7.2, 18, and 17 mW, respectively, in the intensity calibration. The wavelengths are chosen equal or near to the laser diodes used for the measurements.
The intensity calibration consists in illuminating the photodetector surface with a number of selected DC intensity levels. In order to produce a stepwise, linearly increasing intensity response of the photodetector, the DC levels of the photodetectors response is used as feedback and it is used to adjust the LED excitation. 7 A set of 2048 points is acquired in each step and the perfusion is computed for each step. The perfusion values obtained during the intensity calibration is fitted to a first order polynomial, called the detector noise curve,
where m is the slope of the curve, b is the y-axis value, and DC is the mean intensity of the collected light measured. In this expression, b represents the dark noise of the detector and m the shot noise that depends on the intensity levels (DC level). The noise curve is subtracted to the blood perfusion measurements.
For the second step, the perfusion in a motility standard solution, a colloidal suspension of latex particles, is scaled with a constant, M, in order to obtain 250 perfusion units (PU). This is made in order to have a reference value between the measurements obtained in different days.
In order to make the perfusion independent of the total light intensity at the detector surface, it is normalized with the factor 1/DC 2 . The normalized perfusion formula can then be expressed as
After these steps, the perfusion in a Delrin R disk, the zeroing disk, must be equal to zero PU.
E. In vivo validation
Two in vivo tests were performed, with our prototype, in order to explore the capacity of the prototype for monitoring the perfusion depth as Monte Carlo simulations indicate that different wavelengths and different fibre distances measure different blood skin layers. 16 One test dealt with the comparison of the results obtained in the same region of the skin (ventral side of the forearm of skin (hand palm and forearm). 17 These two regions were investigated because they have physiological differences: hand palms possess AVAs whereas forearms do not. 17 Perfusion was recorded during thirty three minutes: baseline blood flux was recorded for 20 min. Then, an arterial occlusion test was performed with a pressure cuff placed around the upper limb, inflated for 3 min at 200 mm Hg in order to obtain the biological zero (BZ). The cuff was then released to obtain a post-occlusive reactive hyperemia and the signal was recorded during 10 min after the release of the occlusion.
For each subject, the protocol was repeated using the three laser diodes existing in the prototype: 635, 785, and 830 nm, with the probe positioned in the same position during the three measurements (to change the wavelength it is only required changing the probe connector in the prototype). Between each wavelength measurement the participants had not the obligation to stay immobile.
Motility standard calibrations were performed before each measurement. The same noise curve was used for all measurements, because curves obtained in different days and months were equal, so it was chosen to not perform an intensity calibration before each measurement.
In the first test, measurements in the ventral side of the forearm, in 20 healthy non-smoking subjects, in the supine position, and the limb at heart level were performed (age 24.7 ± 4.2 years old, range 19-39 years old; 11 females; arterial pressure: min 7.1 ± 0.8 mmHg, max 11.4 ± 1; IMC: 22.1 ± 2.3). All subjects were Caucasian, except one female. The participants did not take any vasoactive medication and were asked to refrain from drinking coffee during the measurement day.
Tests were also performed in order to compare two different regions of skin, one with a high density of shunts, the hand palm, and in the forearm with a lower density of shunts. 17 Experiments were performed on 16 participants (age 19-39 years old; age 24.3 ± 4.8 years old; 7 females; arterial pressure: min 7.5 ± 0.6 mmHg, max 11.5 ± 1.1; IMC: 21.6 ± 2.0). All subjects were Caucasian, except one female. The flux difference between the laser wavelengths and fibre distances should be larger on the hand palm than on the forearm, given the predominance of the AVAs on the hand palm.
Both investigations were performed in a quiet room, where the temperature varied between 22 and 25 o C. The Ethics Committees of the Centro Cirúrgico de Coimbra (CCC) in Portugal, approved this study. Informed consent was obtained from the subjects before the recordings were performed.
F. Investigation protocol
Absolute values of LDF measurements were compared. However, as different wavelengths and different fibre distances may examine different aspects of the circulation, and may have different electrical and biological zeros, relative measurements were also evaluated. 9, 10, 18 For the statistical analysis, mean values of 2 minutes of signal in baseline and biological zero were computed for each participant (for the three wavelengths and the three fibre distances). Concerning the reactive hyperemia, the perfusion hyperemia peak (PORH) was also statistically analyzed.
A set of relations was tested, namely the decrease percentage,
and the increase percentage,
The perfusion ratio (PR) between different emitting-receiving fibre distances, between different wavelengths is defined as
where P (x,y) is the perfusion obtained with the laser diode x, and with the emitting-receiving fibre distances y in baseline, in BZ and in PORH. The flux ratio was initially presented by Morales.
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The rise and fall times of the PORH response were calculated as
fall time = RB time − PORH time,
where PORH time is the time to peak hyperemic response, RO time is the time of the removal of occlusion, and RB time is the time to return to baseline. Quantitative data were expressed as the median (first quartile, second quartile). The normal distribution of the data was evaluated (using Shapiro-Wilk statistics). The majority of the data of the different parameters were not normally distributed. Therefore, non parametric tests were used. The Wilcoxon test was used to test for significant differences between results obtained with different laser wavelengths, different emitting-receiving fibre distances and skin regions. Analysis was performed with SPSS v.17.0 for WINDOWS 
III. RESULTS AND DISCUSSION
Monte Carlo simulations were made in a skin model presented by Fredriksson et al. 19 using our device properties (wavelengths and fibre distances). 16 It was shown that the mean depth for the Doppler events increase with the fibre distance and with the wavelength. This is in accordance with the penetration depths, presented by Anderson and Parrish, 20 which are 550 μm for 600 nm, 700 μm for 700 nm and 1200 μm for 800 nm. Simulation results also demonstrate that M1 increases with the emitting-receiving fibre distance. However, when wavelengths are compared, M1 firstly decreases from 635 to 785 nm and then increases for 830 nm.
A. Calibration system
The photodetectors response to different light intensity levels was tested with the three LEDs wavelengths (630, 780, and 830 nm). The steps obtained with the 830 nm LED are shown in Fig. 4(a) where a pair of signals was obtained for each photodetector (as the detection system is constituted by bi-cell photodetectors). It can be seen that the intensity level pairs diverge when the voltage increases. This divergence is due to the lack of alignment between each bi-cell photodetector and the LED. Besides that, different intensity levels are detected with different photodetectors and for the same LED light. This happens because the probe is connected to the photodetectors, so a loss of the LED light happens in the collecting fibres, in different amounts, for each fibre separation. Despite the different light intensity levels obtained in the intensity calibration for different photodetectors, the noise curves obtained are very similar. The detector noise perfusion curve is presented in Fig. 4(b) . A coefficient of determination, R 2 , equal to 0.993, 0.996, 0.980, for the curves obtained with PD1, PD2, and PD3, respectively, for W830 were obtained. The curve parameters, m and b, obtained with the three different photodetectors are presented in Table I . As it can be seen, the parameters are similar, so the intensity calibration was done only with 830 nm LED wavelength. Besides this, the alignment between the three LEDs and the photodetector is more difficult than the alignment between one LED and the photodetector. In addition, the use of the three LEDs required three calibration curves acquisition which triple the calibration time. The fact that the spectral response of the photodetectors is higher for 830 nm wavelength was also an important factor for the LED calibration choice.
The perfusions mean values obtained in the motility standard solution, after the calibration, for the W635, were of 250.3 ± 5.5, 250.2 ± 5.5, and 250.4 ± 6.3 for F0.14, F0.25, and F1.20, respectively. For W785, mean perfusion values of 250.6 ± 6.8, 250.5 ± 6.1, and 250.4 ± 6.0 for F0.14, F0.25, and F1.20, respectively, were obtained. Finally, for W830, mean perfusion values of 250.5 ± 6.6, 250.3 ± 6.2, and 250.2 ± 4.7 for F0.14, F0.25, and F1.20, respectively, were obtained.
The perfusion values obtained in the zeroing disk, after the calibration, for the W635, were 8.9 ± 1.9, 1.5 ± 0.7, and 8.4 ± 1.6 for F0.14, F0.25, and F1.20, respectively. For W785 mean perfusion values of 3.8 ± 0.2, 2.4 ± 0.1, and 0.8 ± 0.1 for F0.14, F0.25, and F1.20, respectively, were obtained. Finally, for W830, mean perfusion values of 3.3 ± 0.2, 3.3 ± 0.3, and 1.4 ± 0.2 for F0.14, F0.25, and F1.20 mm, respectively, were obtained.
Calibration routines based on Brownian motion of white microspheres in water have some drawbacks: volume and shape of latex microspheres that are different from red blood cells and the lack of static scatterers promoting a multiple scattering condition. 13 However, the motility standard calibration allows comparisons perfusion signals obtained with different emitter-detector separation. 9 The same cannot be assumed for different wavelengths because the skin chromophores have different optical properties for different wavelengths, and therefore, it will deviate from the motility standard reflectance. 21 So, dynamic testing and relative comparison of the results are more appropriated when different wavelengths are compared.
B. In vivo validation
Forearm results
Result obtained in the ventral side of the forearm can be seen in Fig. 5(a)-5(c) , for W635, W785, and W830, respectively. The median perfusion values measured in baseline, biological zero and PORH are presented in Table II . For all parameters, the perfusion increases with the fibre distance for each wavelength, except in the biological zero for W830. This reflects the larger volume of tissue sampled by the higher fibre distances. A significant difference between different fibre distances for the same wavelength was obtained in baseline (p < 0.03) and in PORH (p < 0.023), for all wavelengths. In biological zero a significant difference was also obtained (p < 0.003), except for W830.
When different wavelengths are compared at baseline, for the same fibre distance, the perfusion increases with the wavelength for F0.14 and F0.25 but decreases for F1.20. In PORH, the perfusion decreases between W785 and W830 for F0.25 and F1.20. These nonlinearities may be the result of the multiple scattering that occurs when the photon pathlength is long; this happens when the distance between emitting and receiving fibres is higher. The multiple scattering leads to an underestimation of the perfusion level during the baseline for F1.20 or during the PORH for F0.25 and F1.20 for W830. The multiple scattering underestimation effect could be avoided by using the correction factor presented by Nilsson et al., 8 but in vitro tests with blood are required to implement that. Therefore the comparison of the results in terms of relative changes may be a more appropriated method to evaluate the output of the three wavelengths. No general trend was found for biological zero and PORH.
The biological zero, obtained when the blood flow is occluded, comes from the Brownian motion of the red blood cells together with other biological contributions, superimposed by the instrumental zero. 22 The electrical zero should be constant for each wavelength and fibre distance, so it is not of concern if relative values are compared. In W830, measurements do not follow tendency with the fibre distance as in the other wavelengths. Besides this, no statistically difference between different fibre distances for W830 was found. Moreover, in our work the biological zero was not sub- tracted from the perfusion values to avoid possible systematic underestimation.
The decrease and increase percentages of the perfusion when changing the wavelength and / or the distance between the emitting and receiving optical fibres are presented in Fig. 6 . The decrease percentage is always lower than 100%, as the perfusion in the biological zero is always lower than the perfusion in the baseline. It is more pronounced when the wavelength increases for the same fibre distance, and when the fibre distances increase for the same wavelength, except for the 635 nm laser diode. These results reveal that the perfusion decrease in the occlusion is higher for higher wavelengths and for the higher fibre distances. This reflects the larger volume of tissue sampled in the baseline by the higher wavelengths and fibre distances. Moreover, the decrease percentage is statistically different between different fibre distances for a given wavelength, except for W635. The increase percentage is always higher than 100%, as the perfusion in the PORH is always higher than the perfusion in the baseline. It does not present a tendency with the fibre distance or with the wavelength.
The perfusion rate (PR) was presented by Morales 2 as a possible tool for laser Doppler perfusion monitor research that could complement the existing methods as it enables the comparison between different flowmeters and studies. In our work, the ratio between higher wavelengths or fibre distances and the lower wavelengths or fibre distances is computed enabling us to evaluate how much the flux detected with the higher wavelengths or fibre distances are also detected with the lower wavelengths or fibre distances.
The PRs, presented in Table III , for different fibre distances, for the same wavelength in baseline, biological zero and PORH, are always higher than 1. This was expected, as the perfusion increases with the fibre distance. Besides this, the PRs are higher for 635 and lower for 830 nm, which indicates that the fibre distances have more influence in the sampled depth for W635 than for W830. Statistical differ- 
are statistically different in the biological zero (p < 0.009), for the different wavelengths, considering the same pair of fibre distance. This could be a result of different electrical zeros for each wavelength or may indicate that different phenomena are being measured with different wavelengths. The PRs, for different wavelengths, for the same fibre distances (see Table IV ), decrease with the fibre distance in baseline, biological zero and PORH, except when W785 is compared with W635 in PORH. This may indicate that the difference between different wavelengths is higher for the smallest fibre distances. This reveals that the effect of the wavelength in perfusion depth measurements is more evident for the smallest fibre distances. A significant difference was found in baseline (p < 0.025) and biological zero (p < 0.004). Besides that, it is not always higher than 1, which reflects the non-linearity shown in Table II .
The rise and fall time are presented in Table V . Concerning the rise time, it cannot be seen a general trend when different wavelengths or different fibre distances are compared and no statistical difference was found. Murray et al. 21 studied the effect of using red or green lasers in laser Doppler imaging. They obtained a rise time approximately twice longer for a red wavelength than for a green wavelength, suggesting that different redistribution mechanisms are being observed for the two wavelengths. On the other hand, the fall time increases with the fibre distance for all wavelengths and it is higher for W785 and lower for W830. This could be related with the different microcirculation layers or different vessels types sampled by different wavelengths.
Hand palm and forearm results
A typical result obtained in hand palm can be seen in Fig. 7 . Differences with the results obtained in the forearm are clearly visible (Fig. 5) . High perfusion values and the low increase of the perfusion during the PORH in the hand palm measurements indicate differences in the microcirculation of both skin regions.
Hand palm results are presented in Table VI . Forearm results obtained for this test are not presented as the results are similar to the ones obtained in the previous test.
Median hand palm values are higher than median forearm results (please see Table VI) in baseline and biological zero, except in the biological zero with W785. Statistical difference was found when forearm results were compared with hand results in baseline (p < 0.02). The great increase between both skin regions, in baseline, can be seen for W830. The higher median perfusion values obtained in the hand palm illustrate the additional perfusion measured from the AVAs present on the hand palm, reinforcing the physiological differences between the microcirculation in both skin regions. The decrease percentage is significantly higher in the results obtained in hand palm for all wavelengths (p < 0.02), as it can be seen in Table VI .
It can be seen that the rise time is higher in the forearm where the rise time is between 7-10 s, whereas in the hand palm it is between 1-3 s (please see Table VI ), suggesting that different mechanisms are involved in the microcirculation vasodilatation. Statistically difference was not obtained. 
IV. CONCLUSIONS AND FURTHER WORK
In our results, perfusion signals obtained from different wavelengths and fibre separations show marked differences at rest and during perturbation of local blood flow. A clear tendency in the different situations evaluated (baseline, biological zero and PORH) is presented when different fibre distances are compared but the same does not happen for different wavelengths. Theoretically, and in simulations, different skin layers will be sampled by different laser wavelengths or different fibre distances. Thus, a separation between perfusion values from superficial and deeper tissues will be possible. In vivo, however, there is not such a clear depth separation between the different blood flow compartments in the skin.
A study of the spectral power density of the five frequency bands present in LDF signals (heart beat, respiration, and myogenic, sympathetic and endothelial activity) will be made because it can elucidate the sampled microcirculatory blood flow layer with the different wavelengths. 22 Besides that, further evaluations are needed, namely, to study the influence of the temperature which is related with the shunts activity, present in the deeper microcirculatory blood flow. A study in patients with microcirculatory disorders would also give more information as to the clinical applicability and merits of the new prototype.
